Cells from patients with xeroderma pigmentosum complementation group D (XP-D) and most patients with trichothiodystrophy (TTD) are deficient in excision repair of ultraviolet (UV) radiation-induced DNA damage. Although in both syndromes this defect is based on mutations in the same gene, XPD, only XP-D, not TTD, individuals have an increased risk of skin cancer. Since the reduction in DNA repair capacity is similar in XP-D and TTD patients, it cannot account for the difference in skin cancer risk. The features of XP-D and TTD might therefore be attributable to differences in the immune response following UV-irradiation, a factor which is presumed to be important for photocarcinogenesis. Sunlight-induced skin cancer represents the most prevalent malignancy in the Caucasian population, and its incidence is increasing (1). The pathogenesis of photocarcinogenesis is complex and only partially understood. Sunlight is a complete carcinogen, and it is generally accepted that ultraviolet B (UVB; 290-320 nm) radiation-induced DNA mutations constitute the initiation event for the generation of malignant skin cells (2). Studies in animals, however, provide evidence for a second mechanism for the development of clinically apparent skin cancer following UVB radiation exposure. In these studies, UVB radiation at subcarcinogenic doses was found to inhibit the surveillance function of the skin immune system directed against UVB radiation-induced skin tumors (3, 4). The importance of this second mechanism for photocarcinogenesis was demonstrated in tumor transplantation studies in mice, which cannot be carried out in humans. The evidence for a role of UVB radiation-induced immunosuppression in human skin cancer is therefore inevitably circumstantial and includes the observation that immunosuppressed humans who have received renal transplants have an increased frequency of sunlight-induced skin cancers (5-8).
Sunlight-induced skin cancer represents the most prevalent malignancy in the Caucasian population, and its incidence is increasing (1) . The pathogenesis of photocarcinogenesis is complex and only partially understood. Sunlight is a complete carcinogen, and it is generally accepted that ultraviolet B (UVB; 290-320 nm) radiation-induced DNA mutations constitute the initiation event for the generation of malignant skin cells (2) . Studies in animals, however, provide evidence for a second mechanism for the development of clinically apparent skin cancer following UVB radiation exposure. In these studies, UVB radiation at subcarcinogenic doses was found to inhibit the surveillance function of the skin immune system directed against UVB radiation-induced skin tumors (3, 4) . The importance of this second mechanism for photocarcinogenesis was demonstrated in tumor transplantation studies in mice, which cannot be carried out in humans. The evidence for a role of UVB radiation-induced immunosuppression in human skin cancer is therefore inevitably circumstantial and includes the observation that immunosuppressed humans who have received renal transplants have an increased frequency of sunlight-induced skin cancers (5) (6) (7) (8) .
Here we take advantage of two human syndromes associated with defects in excision repair of UV-induced DNA lesions, namely xeroderma pigmentosum complementation group D (XP-D) and trichothiodystrophy (TTD) (9) (10) (11) . Cells derived from XP-D and the majority of TTD patients have a defect in nucleotide excision repair (12, 13) , which results from mutations in the same gene (XPD) (refs. 14-16 and unpublished results of B. C. Broughton and A.R.L.). Despite this similarity and a similar frequency of UV-induced mutations (17) , only XP-D patients have an increased risk of developing skin cancer (10, 11) . Since the increased risk of skin cancer in XP-D, as compared with TTD patients, cannot be explained simply by differences in DNA repair capacity, we hypothesized that XP-D and TTD cells might differ in some aspect of the immune response after UVB radiation.
To test this hypothesis, the capacity of UVB radiation to suppress transcriptional expression of the intercellular adhesion molecule 1 (ICAM-1) was assessed in comparative studies employing XP-D and TTD cells. ICAM-1 serves as a ligand for leukocyte function-associated antigen 1, and ICAM-1͞ leukocyte function-associated antigen-1-mediated cell adhesion is essential for a large number of cell-mediated immune responses (18) . UVB radiation at physiologically relevant doses inhibits interferon (IFN)-␥-induced ICAM-1 expression in human cells in a UVB-dose-dependent manner (19) . This assay provides a model system to investigate in vitro the susceptibility of a given human cell to one aspect of the immune response after UVB radiation.
METHODS
Cell Culture and UVB Irradiation. In the present study primary human skin fibroblasts from three healthy individuals, three XP-D patients, and three TTD patients (Table 1) were employed. This cell type was studied, because for ethical reasons it is impossible to obtain keratinocytes or epidermal Langerhans cells in sufficient quantities from DNA-repairdeficient individuals. For the same reasons, primary human skin fibroblasts are used routinely for defining the quality and quantity of the DNA-repair defect in patients with DNArepair-deficiency syndromes. Cells were grown in Eagle's minimal essential medium͞15% fetal calf serum. Assessment of excision repair characteristics in these cells revealed that cells from all three XP-D patients and from two TTD patients exhibited a DNA-repair deficiency, while cells from the third TTD patient (TTD4BR) and from the three healthy individuals had no defect in excision repair (Table 1) . Cells (7 ϫ 10 5 ) were irradiated with increasing doses of UV radiation (0-100 J͞m 2 ) from FS 20 sunlamps (Westinghouse Electric, Pittsburgh, PA), which are known to emit primarily in the UVB range (19) . The UVB output was monitored by means of an IL1700 research radiometer and SEE 240 UVB photodetector (International Light, Newburyport, MA) and was approximately 2.4 W͞m 2 at a tube-to-target distance of 22 cm. Immediately after UV exposure, cells were washed, cultured in medium, and stimulated with 500 units͞ml recombinant human (rh) IFN-␥ (Genzyme).
RNA Extraction and Reverse Transcription-Polymerase Chain Reaction (RT-PCR). After a 4-h incubation period, cells were harvested, and total RNA was isolated by a modified chloroform͞phenol method (23) . Because of the limited number of cells from DNA-repair-deficient individuals, inhibition of IFN-␥-induced ICAM-1 mRNA expression by UVB radiation was determined by highly sensitive, semiquantitative, differential RT-PCR (24) . Quantification of PCR products, determination of linear amplification ranges with regard to cycle numbers and the amount of cDNA subjected to PCR, and calculation procedures have been described in detail previously (25) . In brief, identical amounts of cDNA were subjected to increasing cycle numbers of PCR to obtain the linear amplification range, and then increasing amounts of cDNA (up to 64 times the starting amount) were subjected to PCR of a given cycle number within the linear range to exclude the possibility that increased amounts of a specific cDNA lead to disturbance of the linearity in PCR amplification. For estimation of similar amounts of cDNA used for PCR, samples were screened for expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a ''housekeeping'' gene. Amplification was found to be linear for up to 34 cycles for the ICAM-1 primer pair and for up to 28 cycles for the GAPDH primer pair. The following primer pairs specific for ICAM-1 and GAPDH were used: ICAM-1: 5Ј-TGACCAGCCCAAGTTGTTGG-3, 5Ј-ATCTCTCCTCACCAGCACCG-3Ј; GAPDH: 5Ј-CCAC-CCATGGCA A AT TCCATGGCA-3Ј, 5Ј-TCTAGACG-GCAGGTCAGGTCCACC-3Ј. Products were quantified by ion-exchange chromatography connected to an on-line UV spectrophotometer (Gynkotek, Germering, Germany), which allowed exact quantification of amplification products at 260 nm. To ensure identity of products, we collected their chromatogram peaks and digested them with an appropriate restriction endonuclease, and fragments were visualized on agarose gel by ethidium bromide staining and fluorescence. Lengths of the restriction fragments were compared with those deduced from published mRNA sequences of ICAM-1 by using PC/GENE software, release 6.70 (IntelliGenetics), and were found to match the expected fragment sizes.
Immunof luorescence Flow Cytometry. Twenty-four hours after IFN-␥ addition and UVB irradiation, fibroblast ICAM-1 surface expression was assessed by immunof luorescence f low cytometry using anti-ICAM-1 mAb 84H10 (mIgG1; Dianova, Hamburg, Germany) as described (19, 26) .
Construction of Retroviral Vectors Containing XPD or XPC cDNAs. Retroviral vectors containing XPD (pLXPDSN) or XPC (pLXPCSN) cDNA were constructed as described (27, 28) . In brief, the pLXPDSN and pLXPCSN plasmids were constructed by directly inserting the XPD cDNA and XPC cDNA into the EcoRI site of the Moloney murine leukemia virus-based retroviral vector pLXSN. Virus-producing cells were prepared by transfecting the pLXPDSN and pLXPCSN plasmids into the amphotropic packaging cell line -CRIP (29) and by screening G418-resistant clones for virus production. Primary human skin fibroblasts were transduced as follows. Pre-confluent producer cells -CRIP͞LXPDSN and -CRIP͞ LXPCSN were grown for 24 h. Conditioned medium containing the virus was filtered through 0.22-m-pore nitrocellulose filters and used to transduce recipient cells for 24 h. Two successive transductions were performed. Transduced cells were selected by adding 750 mg͞ml active G418 to the medium.
The retroviral vectors were used to transduce primary human skin fibroblasts from an XP-D patient. This patient (XP26VI , Table 1 ) is a woman, born in 1968. She had early sun sensitivity, photophobia, and skin pigmentation. Although she was highly protected against sun exposure, she developed her first squamous cell carcinoma at 13, and then five skin tumors between 13 and 16. Transduction experiments gave efficient integration, mRNA synthesis, and protein expression of both the XPD and XPC cDNA in LXPDSN-and LXPCSNtransduced XP-D fibroblasts (27) . Full correction of the DNA-repair defect-that is, an increased survival after UVirradiation, a normal level of DNA-repair synthesis, and the reactivation of a UV-irradiated reporter vector-was observed in XP-D cells transduced with the XPD cDNA but not in XP-D cells transduced with the XPC cDNA (28) .
RESULTS
The IFN-␥ dose-response and the kinetics of induction of ICAM-1 mRNA and surface expression by rhIFN-␥ were essentially identical in all cell lines tested (data not shown), confirming previous findings that cells from DNA-repairdeficient individuals are not deficient in their capacity to respond to IFN-␥ stimulation (30) . UVB irradiation inhibited IFN-␥-induced ICAM-1 mRNA expression in normal fibroblasts in a dose-dependent manner (mean ED 50 : 45 J͞m 2 UVB; Fig. 1 and Table 1 ). The dose-response curve was shifted toward lower UVB doses for cells from all three XP-D patients (mean ED 50 ϭ 19 J͞cm 2 UVB, Fig. 1 and Table 1 ), indicating a 2-to 3-fold higher sensitivity of XP-D cells in this assay, as compared with normal cells. In contrast, the responses of the TTD cell lines tested were very similar to those of normal cells (mean ED 50 ϭ 48 J͞cm 2 UVB; Fig. 1 and Table 1 ), irrespective of whether their DNA repair ability was severely reduced or normal.
Analysis of ICAM-1 surface expression in these cell strains revealed a similar dose-response pattern. Higher doses of UVB were necessary to reduce ICAM-1 surface as compared with mRNA expression. However, we again found that XP cells were more sensitive in this assay (mean ED 50 ϭ 108 J͞cm 2 ; Fig.  1 (27, 28) but also their ICAM-1 response (Fig. 2) Fig. 1 ). In contrast, transfection of XP-D cells with an XPC cDNA construct had no effect (Fig. 2) .
DISCUSSION
We have found a substantial (approximately 2-fold) difference in the sensitivities of XP-D and TTD cells to UVB radiationinduced inhibition of ICAM-1 regulation. This difference could be observed regardless of whether ICAM-1 expression was analyzed at the mRNA or surface level.
The increased risk of XP-D patients' developing skin cancer correlated with the increased susceptibility of cells from these patients to UVB-induced inhibition of expression of this surface marker. In contrast, the normal inhibition of ICAM-1 expression in cells from TTD patients is correlated with the paradoxical observation that these individuals do not develop skin cancer although most of the patients exhibit a DNA-repair defect, which results from mutations within the XPD gene. We have used fibroblasts for these studies, as they are the only cell type readily available from repair-deficient individuals. We postulate that in human skin similar ICAM-1 inhibition profiles will be found in antigen-presenting cells, and that as a consequence XP, but not TTD, individuals might have a reduced capacity to elicit an immune response toward any precarcinogenic cells.
Previous studies on immune defects in XP cells have given variable results (31). Gaspari et al. (30) found that in 8 of 8 XP patients NK (natural killer) cells were defective in poly(I)⅐poly(C) induction of IFN-␥. Recently an XPA knockout mouse has been generated, and the immune response in these repair-deficient mice is clearly hypersensitive to UVB irradiation (32) . If our interpretation of our data is correct, our results strengthen the evidence for a contribution of defective immune functions in carcinogenesis in these patients and indicate that strategies directed at supporting or enhancing immunity against skin tumors may be of benefit for these patients (30) (31) (32) (33) . Consistent with this assumption is the previously described beneficial effect of intralesional IFN-␣ application into melanoma of an XP patient (34) . In our study, the importance of UVB radiation-induced inhibition of a marker for the immune response has been determined for DNA-repair-deficient individuals. Nevertheless it is tempting to speculate that in normal individuals, UVB radiation-induced depression of the immune response may prove to be an important pathogenetic factor in skin carcinogenesis as well.
Transfection of XP-D cells with the XPD gene, but not with the XPC gene, restored the susceptibility of XP-D cells toward U VB radiation-induced inhibition of IFN-␥-mediated ICAM-1 mRNA expression to normal levels. This experiment clearly indicates that the observed differences in ICAM-1 inhibition depend critically on the function of the XPD protein. It also excludes the possibility that a second gene is responsible for differences in modulation of ICAM-1 expression.
The XPD protein is a component of the transcription factor IIH (TFIIH) complex, which has a dual function: in both DNA repair and basal transcription (35, 36) . It has been proposed that subtle alterations in transcription, caused by mutations in TFIIH subunits, can result in deficiencies in certain proteins whose expression is critically dependent on the level of transcription (35, 37) . Furthermore it has been suggested that the features of XP largely result from defective DNA repair, whereas many of the features of TTD may be a consequence of transcriptional alterations (14, 35, 37) . The finding that the causative mutations in the XPD gene are located at different sites within the gene in XP-D and TTD patients (refs. 14-16 and unpublished results of A.R.L.) is consistent with these ideas. The different effects of UVB on ICAM-1 expression in XP-D and TTD cell strains with similar repair deficiencies may therefore be associated in some way with subtle transcriptional differences between the cell strains. For example, the degree of ICAM-1 inhibition may be dependent not only on the level of unrepaired damage, which would be expected to be similar in XP and TTD individuals, but also on the transcriptional status, which is expected to differ between XPs and TTDs.
The experiments described here focused on DNA-repairdeficiency syndromes based on mutations in the XPD gene. These observations may be relevant also for other DNArepair-deficiency syndromes, because similar results were obtained when cells from two unrelated XP-G patients were compared. The skin of one patient (XP125LO) was clinically normal and in the other (XP3BR) severely sun-damaged, and these differences were not due to differences in sun protection. Assessment of the ICAM-1 response revealed that XP125LO cells had a normal and XP3BR cells had an approximately 1.8-fold higher sensitivity toward UVB radiation-induced inhibition of IFN-␥-mediated ICAM-1 expression (data not shown). This observation is of particular interest, since the XPG protein is thought to be involved in regulation of transcription (38) . Further studies are required to understand the precise mechanisms by which the differences in the photoimmunological phenotype are manifested.
There is increasing evidence that the generation of photoproducts is a prerequisite for UVB radiation-induced immunosuppression (39, 40) . We propose that both the repair and the transcriptional functions of certain DNA-repair proteins play a key role in determining the effects of UVB on the immune response and that this affects the risk of a DNArepair-deficient individual's developing skin cancer. It is intriguing to assume that a similar link between DNA repair and effects on the immune system may determine the skin cancer risk of normal individuals.
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